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Abstract 
Resistance to puncture is a critical property for several applications, in particular for elastomer materials used in protective 
clothing.  To evaluate the puncture resistance of membranes, some methods have been proposed as standard tests.  
However, the rounded puncture probes used in these tests are very different from real pointed objects like medical needles, 
and may not measure the level of material resistance that correspond to them.  In fact, puncture by medical needles is 
shown to proceed gradually as the needle cuts into the membrane.  This behavior is highly different from puncture by 
rounded probes which occurs suddenly when the strain at the probe tip reaches the failure value.  In addition, maximum 
force values are observed to be much smaller with medical needles.  A method has been developed based on the change in 
strain energy with the puncture depth to evaluate the fracture energy associated to puncture.  The results show that the 
phenomenon of puncture by medical needles involves contributions both from friction and fracture energy, in a similar 
way as for cutting.  Prestrained samples must be used to determine the material puncture energy. 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
Puncture resistance is one of the major mechanical properties of elastomer membranes, especially in the 
case of their use in protective clothing.  In terms of puncture agents, medical needles are becoming an 
increasingly encountered mechanical hazard, not only in health care but also for law enforcement and 
maintenance occupations, with the associated risk of blood-borne pathogen transmission.  Some investigations 
have been performed on specific cases using medical needles.  In two studies, a total of seven commercially 
available surgical gloves and glove liners were tested for resistance to puncture with different types of medical 
needles [1, 2].  The main goal was to rank the gloves and compare the protection efficiency of new materials 
with regular latex gloves. However, these studies were only qualitative for a comparison purpose and did not 
provide a fundamental understanding of the mechanisms controlling puncture.  
To evaluate the puncture resistance of materials, the ASTM F1342 standard test is currently the most 
commonly used method. However, the puncture probes used in this ASTM standard and other available test 
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methods are very different from real pointed objects like medical needles.  In particular, their rounded tip does 
not bear the cutting edge of medical needles. The aim of this work is to investigate the material parameters that 
control the puncture resistance of thin elastomer membranes to sharp-pointed objects like medical needles.  In 
particular, the contributions of intrinsic material parameters to puncture by medical needles are verified.  An 
approach is derived to compute the fracture energy associated to puncture by medical needles.  The 
contribution of the frictional energy to the calculated fracture energy is also discussed. 
2. Results and Discussions 
Puncture tests carried out with the ASTM puncture probe A and the medical needles were compared using 
the same thickness of neoprene.  As shown in Figures 1 and 2 and in agreement to what has already been 
reported in Refs [3, 4], large differences can be observed in the shape of the force-displacement curve.  For the 
rounded probes, puncture occurs instantly at maximum load (Figure 1); it has been associated to the point 
where the strain at the probe tip reaches the failure value [3].  On the contrary, needles penetrate gradually 
through the sample thickness (Figure 2); after the force reaches a maximum, it diminishes slightly before 
reaching a plateau. 
 
 
 
 
 
 
 
 
      (a)     (b) 
Fig. 1. (a) Typical force - displacement curve for puncture with ASTM conical probe A (0.8-mm thick neoprene); (b) Puncture probe A 
used in ASTM F1342 standard test. 
 
 
 
 
 
 
 
      (a)     (b) 
Fig. 2. (a) Typical force - displacement curve for puncture with medical needles (0.8-mm thick neoprene, 0.5-mm diameter medical needle 
and 0.05 mm/min displacement rate); (b) Medical needle. 
In addition to the difference in the shape of the force-displacement curves, a strong reduction in the values 
of the maximum force and probe displacement at maximum force is observed with medical needles. Earlier 
studies have suggested that the puncture process associated with medical needles involves a cutting 
phenomenon [4].  Other studies have related cutting to the fracture energy Gc of the material [5, 6]. A 
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significant contribution of friction to the fracture energy has also been reported for cutting [7]. Extending the 
principles proposed by Lake and Yeoh [5, 8] to this case combining puncture and tearing, the total energy 
release rate G corresponding to a unit increase in the fracture surface area is provided by: 
 
G = T + P (1) 
 
with P the puncture energy and T the prestrain or tearing energy.  Following what has been obtained in [5] for 
cutting, the total fracture energy G, which depends only on the tested material and probe sharpness should be 
constant in the low tearing energy region, i.e. an increase in the tearing energy T should correspond to a 
decrease in the puncture energy P, which has been associated with true cutting.  A more complex behavior 
involving tearing is expected at higher tearing energies. 
By calculating the tearing energy corresponding to the different values of applied prestrain, it is possible to 
plot the variation of the puncture energy as a function of the tearing energy, as shown in Fig. 3.  
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Fig. 3. Variation of the puncture energy with tearing energy for 1.6-mm thick neoprene, calculated using a method based on the Rivlin and 
Thomas theory [9], and our  modified LEFM method extended to the case of nonlinear elasticity of rubber. 
The linear region at the low values of the tearing energy, corresponds to a constant value of the total energy 
G for a unit increase in fracture surface area.  At high tearing energies, puncture contributes only to the 
initiation of the crack, which propagates under the sole effect of the tearing energy.  In that case, the 
contribution of puncture is only marginal.  This result indicates that the same principle used by Lake and Yeoh 
for cutting applies to the case of puncture by needles.  As a consequence, the fracture energy associated to 
puncture can be calculated by extrapolating the linear part of the curve in Fig.3 to zero tearing energy. 
Values of the fracture energy associated with puncture by medical needles were calculated for neoprene and 
nitrile rubber using the prestrain technique and the extrapolation to zero prestrain.  They are displayed in Table 
1.  Also provided in this table are the values of fracture energy for cutting and tearing reported for the same 
neoprene and the same nitrile rubber [7] as the ones used in this study.  In these experiments, the cutting 
fracture energy was measured using the stretched Y-shaped set-up and the tearing energy was provided by 
trouser tests. The fracture energy for puncture by medical needles is observed to be larger than that associated 
with cutting and smaller than that relative to tearing.  This can be explained by considering the work on rubber 
fracture [9] where the energy release rate during fracture is closely related to the strain energy density in the 
material at the tip : 
 
dWG t=  (2) 
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where Wt is the average energy density at the tip and d is the effective tip diameter. The crack tip diameter in 
cutting for rubbers has been found to be controlled by the blade edge radius, about 0.05 μm [6]. On the other 
side, the dimension of the crack tip associated to rubber tearing is much larger, especially when blunting 
occurs. It has been estimated to lie in the range of 0.1 to 1 mm. For the case of medical needles, it can be 
assumed that the crack tip radius is also controlled by the sharpness of the needle penetrating edge. The latter 
therefore depends on a number of manufacturing characteristics, in particular the facet angle, the number of 
facets, etc. In the case of the medical needles used in this study, from optical microscopic observation, we 
have estimated that the tip radius is much larger than the blade edge radius involved in cutting and smaller 
than the crack tip radius created by tearing. This difference in crack tip radius may thus explain the difference 
in fracture energy for puncture by medical needles, cutting and tearing for neoprene and nitrile rubber shown 
in Table 1. 
Table 1. Values of fracture energy associated with puncture by medical needles (0.65-mm diameter), cutting and tearing for neoprene and 
nitrile rubber 
 Neoprene (1.6-mm thick) Nitrile rubber (0.8-mm thick) 
Fracture energy for puncture by medical 
needles (kJ/m2) 
1.52 3.54 
Fracture energy for cutting (kJ/m2) 0.7  1.38 
Fracture energy for tearing (kJ/m2) 6.2 9.6 
 
3. Conclusion 
Values for the fracture energy corresponding to puncture by medical needles have been obtained for 
neoprene and nitrile rubber.  They are found to be larger than the energy associated to cutting and smaller than 
that obtained for tearing.  This can be related to the value of the crack tip diameter, which is, in that case, 
controlled by the needle cutting edge diameter, and is much larger than blade edge diameters and smaller than 
the crack tip dimension associated with tearing in rubbers. 
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